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ABSTRACT
Isolated mitotic apparatuses (MA)  of clam and sea urchin eggs were investigated  by polariz-
ing  and electron  microscopy.  Examination  of fixed MA  in oils  of different refractive  index
revealed  that at least 90%  of the retardation  of isolated  MA is  due to  positive,  form bire-
fringence,  the remaining retardation deriving from positive, intrinsic birefringence.  Electron
micrographs  reveal the isolated MA to be composed of microtubules,  ribosome-like  particles,
and a variety of vesicles.  In the clam MA the number of vesicles and ribosome-like  particles
relative  to the number of microtubules  is much lower  than in the  sea  urchin MA.  In clam
MA  this  allows  form  and  intrinsic  birefringence  to  be  related  directly  to  microtubules.
The relation  of birefringence  to microtubules  in isolated  sea  urchin MA  is more  complex
since  ribosome-like  particles  adhere  to  microtubules,  are oriented  by  them,  and  are  likely
to  contribute  to the form birefringence  of the  isolated  MA. However,  comparison  of values
of retardation  for clam and  sea urchin  MA,  indicates  that the major  part of the birefrin-
gence  in  sea  urchin  MA  is  also  due to  microtubules.  The  interpretation  of the structures
giving  rise to birefringence  in the MA  of the living cells  is  likely  to be even more  complex
since masking substances, compression,  or tension on the living MA may alter the magnitude
or sign of the birefringence.
INTRODUCTION
The  birefringence  of the mitotic apparatus  (MA)
was  first  noted  in  fixed,  pollen,  mother  cells  of
Fritillaria  by Runnstr6m  (45)  and  in living  Rhyn-
chelmis eggs  by Giklhorn  (mentioned  by  Schmidt,
reference  48).  Runnstr6m  noted  that  in  fixed
plant  cells  and  in  marine  eggs  the  birefringence
was  positive  relative  to  the  axis  of the  MA.  All
further  work  on  MA  from  living  cells  (Schmidt,
references 49 and 50, Swann, references  55 and 56;
and Inou6, reference  15)  has shown the sign of bire-
fringence of the MA in the living cell to be positive
relative  to  the  long  axis  although  asters  in  late
anaphase  may  show  a  negative  sign  of  bire-
fringence  (16).  A number  of observations  on  the
birefringence  of MA were made between  1928 and
1936 and  are reviewed  by  Schmidt  (50).
The  first  detailed  use  of  birefringence  in  the
interpretation  of mitotic events  on  the  molecular
level  appears  to  be  that  of  Schmidt  (51).  The
positive  birefringence  of asters  and  spindles  was
considered  to  arise  from  oriented  protein  chains.
The  changes  in  birefringence  during  anaphase
were thought to arise from a contractile  process  in
the  chains which  gives rise  to chromosome  move-
ment.  Birefringence  and  its  changes  were  thus
used  to support the traction  fiber hypothesis  (28).
In  the  work of Swann  (55,  56)  on  mitosis in  sea
urchin eggs,  birefringence  data were  used  to infer
859molecular  orientation  or  order-disorder  changes
in  anaphase.  In  1952,  Inou6  reported  on  the
effects  of colchicine  (13)  and temperature  (14)  on
the birefringence  of MA  from eggs  of the annelid
Chaetopterus. He  interpreted  the  data  in  terms  of
monomer-polymer  transformations of a large unit
and  suggested  that  such  transformations  gener-
ated  the motive  force  for chromosome  movement
(Inou6, reference  15).
In  these  cases,  contraction  of a  protein  fiber,
order-disorder  phenomena  or  polymerization-
depolymerization  changes  were  inferred  from
observations  of  birefringence  in  living  cells.  Un-
fortunately,  little  is  really  known  concerning  the
molecules  involved in birefringence  or the manner
in which  changes  in the  properties  of these  mole-
cules  may  be  reflected  in  changes  in  the  visible
birefringence,  although  data, partly from electron
microscope  observations  (Kane  and  Forer,  refer-
ence  25)  and  partly  from work  on  the chemistry
of the isolated  mitotic apparatus  (Kane reference,
24, Stephens,  reference 54, Sakai, reference 47), are
now  being  gathered  which  may  soon  alter  this
situation.
Isolated MA were first shown  to be birefringent
by  Mazia  and  Dan  in  1952  (29).  The  first  full
paper on this property  of the isolated  MA,  how-
ever,  was  not  published  until  1965  (25),  when  a
correlation  was  established  between  the  simul-
taneous disappearance  of birefringence and  micro-
tubules; that paper implicated the microtubules as
the  ultrastructural  species  giving  rise  to  bire-
fringence.  The  initial  intent  of the  present  study
was to investigate  directly the correlation  between
microtubules  and  birefringence  by  relating  the
number  and  distribution  of microtubules  on  the
ultrastructural  level with birefringence  seen on  the
light  microscope  level.  To  this  end,  MA  were
isolated,  fixed,  and  embedded  in  flat  sheets  of
epoxy resin preparatory to sectioning selected  areas
in  the  MA.  When  the  embedded  material  was
examined  with  the  polarizing  microscope,  it was
found that all but a small  amount of birefringence
had disappeared.  On  further investigation,  it was
found  that  both  sea  urchin  and  surf  clam  MA
possessed  large,  positive, form birefringence  with a
small,  residual,  positive,  intrinsic  birefringence.
This  result  is  in  agreement  with  prior  work  by
Pfeiffer  (31).  The  virtual  disappearance  of  MA
birefringence in the embedded  material was due to
TABLE  I
Retardation of Background Material in  Unfixed Strongylocentrotus purpuratus  MA  Isolated with
Hexylene  Glycol or Ethyl Cellosolve
Dates  are  those on which  experiments  were  performed.  Standard  error given  in parenthesis
after  average.
Hexylene  glycol  MA's  Ethyl cellosolve  MA
29 May  1964  1 June  1964  4  March  1965
mA  mIA  mp
2.96  2.96  2.72
2.46  5.10jhighest  extinctions  of  2.71  3.14
3.22  4.25Jfibers  in the MA  2.88  3.32
2.33  2.54  2.80
2.96  3.22  2.29
2.20  2.28  2.50
2.54  2.47
3.36
2.33
3.14
Avg  2.69  (0.17)  Avg 2.73  (0.12)  Avg 2.82  (0.13)
/9,  (-  -m-l  ........ 2\1/2
Standard  deviations  calculated  from  formula:  SD  =
SD
Standard error: from - where N  is sample  size.
N' 2
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Retardation of background and strongest fibers of S. purpuratus MA
MA were  isolated in  hexylene  glycol  and fixed in osmium tetroxide  as
described  in the  text. Standard  error  is  given  in parenthesis  after
the average.
Fibers
mI
4.24
3.56
2.20
2.12
2.46
2.54
2.12
2.64
3.40
2.04
2.96
3.47
2.71
Ratio  of retardation  of
fibers/background
1.43
1.56
1.30
1.25
1.29
1.34
1.93
1.41
1.34
1.85
1.45
1.58
1.58
Avg 1.94  (0.13)  Avg 2.80  (0.19)  Avg  1.49  (0.06)
the  approximate  match  of refractive  index  of the
epoxy resin to that of the MA, with the consequent
elimination of most of the form birefringence.
This paper contains a general  description of the
MA  of eggs of a  clam,  Spisula solidissima, and of a
sea urchin, Strongylocentrotus  purpuratus, as seen with
the polarizing and  electron microscopes and  gives
some quantitative data on their form and  intrinsic
birefringence.  In  addition,  a correlation  is  estab-
lished between the image of the MA in the electron
microscope and that in the light microscope.  In  the
case  of isolated MA  from  Spisula eggs,  this allows
the  implication  to be  drawn that it is the  micro-
tubules  alone in the  isolated MA which  contribute
the  birefringence.  This result  directly  contradicts
a report  recently  published  by  Behnke  and  Forer
(4),  who claim that MA birefringence  is not due to
microtubules.  Their  work  was  done  on  in  situ
crane-fly spermatocyte  MA whereas ours was done
on  isolated egg  MA.  Possible  explanations  of  this
difference in results  will be offered.
A  considerable  number  of the  observations  on
birefringence  in the MA of cells  are reviewed  by
Hughes  (12), Mazia  (28),  Inou6  (15), and  Swann
(55,  56).
MATERIALS  AND  METHODS
Eggs  from  the  purple  sea  urchin  Strongylocentrotus
purpuratus and  the  surf  clam  Spisula solidissima were
used  in  this  study.  The  urchins  were  obtained from
Pacific  Biomarine  Supply  Co.,  Venice,  Calif.
Urchins and clams were maintained  in a large,  closed,
recirculating  sea-water  system  and  were  used  as
needed. Mature  eggs were fertilized or  activated, and
the mitotic apparatus  was isolated  at the appropriate
time  as  described  below.  Three  isolating  media con-
taining different organic reagents were used  based on
the results of Kane  (22, 23): 12%  solutions of hexylene
glycol,  of  ethanol,  or  of  ethoxyethanol  (ethylcello-
solve) in 0.02  M phosphate  buffer  at pH 6.1-6.2.
Fertilization  membranes  were  removed  from  S.
purpuratus eggs  with  thioethylgluconamide  (30);  the
rest  of the  technique  used  to  isolate  MA  was essen-
tially the same  as that described by Kane  (20),  except
as  noted  below.  Sea-urchin  eggs  were  allowed  to
develop  at  about  18°-20°C.  S.  solidissima eggs  were
handled  as  previously  described  (37),  except  that
isolation  media  were  maintained  at  pH  6.2  rather
than  pH  6.5,  and the  eggs  were  parthenogenetically
activated  with  KCI  instead  of  being  fertilized.  The
temperature  of  development  used  for  S.  solidissima
eggs was  20°-23°C. Eggs  of S. purpuratus or  S. solidis-
sima,  at  the  appropriate  stage  of MA  development
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Background
mAi
2.96
2.28
2.28
1.90
1.69
1.69
1.90
1.90
1.10
1.87
2.54
1.10
2.04
2.20
1.72(first  cleavage  for  S.  purpuratus;  first  polar-body
spindle  stage  for  S.  solidissima),  were  suspended  in
isolating  medium  for about 45  sec  at room tempera-
ture,  after  which  they  were  broken  with  a  Vortex
mixer.  The  homogenate  was then poured  into a 500
ml  flask buried  in ice;  the flask  then was  swirled  for
cooling  as  rapidly  as  possible.  The  MA  were  col-
lected  and  washed  several  times  with  isolating
medium  by  low-speed  centrifugation  in  the  cold
(4C).
MA were  observed either  fixed or  unfixed,  as  de-
scribed in the tables and figure legends.
MA to be  fixed were  suspended  in 1 % OsO4 or in
2.5%  glutaraldehyde  in isolating medium within  2  hr
of  initial  isolation.  Glutaraldehyde-fixed  MA  to  be
used  for  electron  microscopy  were  postfixed  in  1%
OsO 4 in  isolating  medium.  Fixed  MA  not  used  for
immediate  observation  were  dehydrated  through  a
graded  series of alcohols and transferred  to propylene
oxide.  Some  were  then  embedded  in Epon  812  (27)
for  electron microscopy; the remainder  were run into
oils  of  various  refractive  indices  (R.  P.  Cargille
Laboratories,  Inc., Cedar  Grove,  N. J.)  for examina-
tion with phase  and  polarizing  microscopes.  In  some
cases,  unfixed,  isolated  MA  were  rapidly  frozen  and
then  substituted  by  techniques  described  in  detail
elsewhere  (34,  35).  For  this  purpose,  the  MA  were
first suspended  in 30%  glycerol  in the cold and then
rapidly  frozen.  After  freeze-substitution  they  were
embedded  in Epon 812  (27).  Sections of all embedded
MA  were  obtained  with  a  Huxley  (Cambridge
Instrument  Co.,  Inc.,  N.  Y.) microtome  or  a Servall
MT-2  microtome.  The  sections  were  stained  with
uranyl  acetate  (53)  followed by lead citrate  (39)  and
were  examined  in  a  Hitachi  HU-11  electron  micro-
scope.
The  phase  microscope  used  was  a  Zeiss  Winkel
microscope.  The  polarizing  microscope  was  a bench-
type Inou6  microscope with American-optical  strain-
free  lenses  (1).  It  was  equipped  with  a  22.4  m
retardation  mica compensator  and with 43  X  strain-
free lenses  as objective  and condenser.
The refractive index of fixed MA was measured  by
immersion  refractometry  (3,  40),  i.e.,  by  matching
the  MA with  oils  of different  refractive  indices.  This
would  have  been  prohibitively  difficult  if  the  MA
had  not  been  fixed,  since  unfixed  MA  are  almost
invisible  near  the match  point  in the  absence  of the
tan  color  imparted  to  MA  by  fixation  in  osmium
tetroxide  (see  Observations).  To  be  sure  that  a  re-
fractive index match had been reached  MA were  also
examined  in  oils  whose  refractive  indices  were  high
enough  to reverse  the contrast  of the  MA from  dark
contrast  (normal)  to  bright contrast,  i.e.,  the  refrac-
tive  indices  were  greater than  that  of the  MA.  This
can be seen by closely  watching  the halos at the edge
of the MA since the halos  are dark below  the  match
point and bright above it. This method  of matching is
not  very  sensitive  near  the  match  point  but  can  be
used  to  estimate  the  refractive  index  of the  MA  to
about  0.004.  This is within the  variability  from MA
to  MA in  a given batch.
Retardation  was  measured  by  the  extinction
method  (1,  24).  The  compensator  was  rotated  until
the part of the MA observed was the darkest possible,
and  readings of the compensator  angle  were made  at
TABLE  III
Retardations of S. purpuratus MA
MA  were  isolated  in  ethanol  and  fixed  in osmium  tetroxide  as described  in
Observations.  Standard  error is  given in  parentheses after  the average.
Ratio of retardation  of
Background  Fibers  fibers/background
3.98  5.08  1.28
3.82  5.08  1.33
4.15
3.82  5.93  1.55
3.48
4.32  5.93  1.37
3.14  4.15  1.32
3.48  4.92  1.41
2.80  4.40  1.57
2.80
2.54
3.05
Avg  3.45  (0.17)  Avg 5.07  (0.26)  Avg  1.40  (0.05)
862  THE  JOURNAL  OF  CELL  BIOLOGY  · VOLUME  34,  1967FIGURES  1 and  2  An  unfixed,  first  cleavage  MA  of  S. purpuratus at  metaphase  isolated  in hexylene
glycol. Fig.  1 is taken at  -4.0
° and  Fig. 2 at +1.00  compensator settings.  Note  the strongly birefringent
spindle  fibers,  weak  astral  birefringence  and  the  considerable  quantity  of  nonbirefringent  material.
Scale,  10ju.
FIGURES  3 and  4  An  S. purpuratus  MA  isolated  as that in Figs.  1 and  2. Note the prominent  spindle
fibers. The  MA is longer and narrower than that in Figs. 1 and  2.  Fig. 3 is at --3.0  and Fig. 4 at +1.00
compensator settings.  Scale,  10/.
FIGURES  5-7  An unfixed,  S. purpuratus  MA  at the same stage and  isolated as those in Figs. 14. Fig.
5  is  at  -5.0
°,  Fig. 6  at 0
°, and Fig.  7 at  -2.0O  compensator settings.  Fibers  can  be  seen  considerably
better  in Fig.  7  where background  birefringence  is partly compensated.  Scale,  10 g.
863this  point.  Generally,  the  MA  was  measured  in  two
quadrants at right angles  to each other,  the MA axis
being  at 45
° to  the polarizer  axis in  each quadrant,
and  the  values  were  averaged.  In  most  cases,  the
region  immediately  adjacent  to and  poleward  of the
chromosomes  was  measured.  In S.  solidissima, astral
rays  were  also measured.
Retardation  was  obtained from  the  relation  r  =
-rc  sin  2  where  r  is  object  retardation,  P  is
maximum  compensator  retardation,  and  is extinc-
tion angle  in radians (1, 26).  re in our case is 22.4 my.
Photographs  were  taken  with  Plus  X  or  Tri  X
film  and  were  developed  in  Diafine  developer
(Baumann  Photo-Chemical  Corp).
OBSERVATIONS
Morphology of the Metaphase MA  (Light
Microscope Observations)
In  all cases,  MA at metaphase  were used in the
work  described  below.  Metaphase  MA  of  S.
solidissima as  seen with  the  phase microscope  were
described in a previous report  (37). As background
to  the  observations  to  be  reported  here,  we  shall
summarize  some  of  the  results.  Briefly,  the  MA
consists  of fibrous  spindle  and  aster  regions  to-
gether  with  a  small  number  of  dark  refractile
bodies  (about  1  i)  and  a  large  number  of clear
vesicles  the diameter  of which may be  as great as
3  u. Chromosomes  are  present  in  the  MA  when
first  isolated  and  after  one  or  two  washings  by
centrifugation. After several  cycles  of washing,  the
MA tend  to break up into isolated asters,  spindles,
or MA  with only one  aster.  The  meiotic chromo-
somes in general  tend  to  be lost  during  washing.
Adherent  bits  of  cytoplasm  can  be  seen  on  the
MA after one or two washings,  but these generally
disappear  after  the third  or fourth wash,  the MA
appearing  quite  "empty"  except  for  fibers  and
vesicles.  The astral rays  are  especially  prominent
FIGURES  8 and  9  An unfixed,  first polar  body  MA of S. solidissima isolated  in hexylene  glycol. Fig. 8  is
at -3.0
° and Fig. 9 at +1.0
0 compensator settings.  Fibers both in the MA body and in asters are promi-
nent and clear. The amount of nonbirefringent material is almost nonexistent, and the asters are  strongly
birefringent  (as strong  as the spindle proper).  Scale,  10  u.
FIGURES  10  and  11  Unfixed  S. solidissima MA  isolated  as that in Figs.  8-9. Note  that one  aster  is
smaller  than the other and the center-to-center  distance is smaller than that in Figs.  8  and 9  by about 2
/u. Also,  the central  area of the spindle body has reduced birefringence  except  for continuous  fibers.  This
may be  a mid anaphase  MA.  Chromosomes  have fallen  off during  preparation.  Fig.  10 is at  -5.0
° com-
pensator setting  (retardation  between  pole and chromosome  attachment point is 3.6 myu).  Fig.  11  is at a
compensator setting  of +1.0
°. Scale, 10u.
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ently  devoid  of  any  surrounding  or  embedding
material.  In  contrast,  examination  of the  MA  of
S.  purpuratus with  the  phase  microscope  reveals
that  the  fibrous  material  is  surrounded  by  and
embedded in nonfibrous material  (20).  In addition
S.  purpuratus MA  are  much  more  refractory  to
breakup during washing by centrifugation and  are
considerably less prone to lose their chromosomes
Considerable  variations  occur  in  the  length
and width of MA isolated at a given time from the
same batch  of eggs.  This is  especially  true in MA
of  S.  purpuratus,  and  is  due  to  several  factors:
slight  differences  in  intrinsic  cleavage  times  in
different  eggs;  differences  in  sperm-penetration
times,  which  result  in  a  spread  of  fertilization
times;  variations  induced  by  the  packing  of eggs
during  centrifugation  which  unavoidably  occurs
at  various  times  in  the  isolation  procedure.  An
asynchrony,  causing 3-4  min spreads  in cleavage
time  (quite  normal),  will  show considerable  vari-
ability in  exact stage  of MA isolated.  In S. solid-
issima  eggs,  which,  in  this  study,  are  activated
rather  than  fertilized  and  which  have  a  longer
metaphase  than  S.  purpuratus eggs  at  the  stage
studied,  these  factors  are  less  serious  although
some  variability  still  occurs  due  primarily  to
variation  in the  time  at which  the  MA  migrates
from the center of the egg where it is formed to the
periphery  where  the  polar  bodies  emerge  (32).
This migration  is accompanied  by a flattening  of
the  peripheral  aster  so  that  the  MA  becomes
asymmetric,  and  possesses  one  large  spherical
aster  (central  aster)  and  a more  disc-shaped  aster
(peripheral  aster)  (6,  28,  32);  e.g.,  compare  Figs.
8 and  12.
The major morphological  features of MA struc-
ture,  as  seen  with  the polarizing  microscope,  are
essentially  the  same  before  and  after  fixation  (see
below).  In most  cases  one  can  distinguish  in  the
MA both  a  diffuse background  birefringence  and
fibers  in  which  the  retardation  is  considerably
FIGURES  12  and  13  An unfixed  S. solidissima MA isolated from the same batch  of eggs as that in  Figs.
10-11,  at  metaphase  or  very  early  anaphase.  Fig.  12  is  at  -3.0
° and  Fig.  13  at  +2.0  com-
pensator settings. For  significance  of  line A-A see legend  for  Fig. 24.  Scale,  10l.
FIGURES  14 and  15  An unfixed S. solidissima MA isolated from a different batch of eggs from that used
for  MA  in Figs.  12  and  13,  but at about same stage  and  by the same technique.  This preparation  had
more  contamination,  larger  asters  and  smaller  spindle  body  than usual.  Compare  with  Figs.  8  and  9.
Fig.  14 is at  -3.0
° and  Figs.  15 at  +2.00 compensator settings.  Scale,  10 p.
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shown  since the extinction  point of the background
occurs  at  compensator  settings  which  are  lower
than  those  of  the  fibers.  At  the  fiber-extinction
setting of the compensator,  the  background  is past
its  point  of maximum  darkening;  the  fibers  thus
appear  dark  on  a  lighter  background  (1)  (Figs.
5-7).  The  fibers,  corresponding  to  chromosomal
fibers (52),  are 0.5-lp in diameter, the thicker ones
having higher retardations.  MA from S. solidissima
generally show considerably more prominent fibers
and  considerably  less  background  birefringence
than  those  from S. purpuratus. Figs.  1-4 and  8-15
demonstrate  the strong  fibers  in hexylene glycol-
isolated  MA of S. purpuratus and S. solidissima eggs,
respectively.
For  sea  urchin  MA,  values  for  background
retardation  vary  from  2.0-3.5  mpt  in a  given  ex-
periment. Fiber retardations are generally 20-50 %
higher  than  this, although  in individual  cases  this
range  may  be  exceeded.  Table  I  lists retardation
values  for the background  of unfixed  MA isolated
in  hexylene  glycol  and  ethoxyethanol  (Fig.  16),
while  Table  II  gives  values  for  S. purpuratus MA
isolated in hexylene  glycol  and  fixed  as described
above. Retardations are listed for both background
and  fibers.  The  background  retardation  of  fixed
MA  is  lower  than that  of unfixed  MA by  about
28%.
Ethanol-isolated  MA  generally  have  higher
retardations  than  MA  isolated  by  the other  rea-
gents, with respect to both the background  and the
fibers;  this  applies  especially  to  sea  urchin  MA.
This  can  be  seen  from  Table  III  which  gives
retardation  values  for  fixed  ethanol-isolated  sea
urchin  MA.  Figs.  17  and  18  show  an  unfixed
ethanol-isolated  MA  of  S. purpuratus in  negative
and positive  contrast, while  Figs.  19  and  20  show
an  osmium-tetroxide-fixed,  ethanol-isolated  MA
of the same  species.
In  general  the  retardation  of  asters  in  the  sea
urchin at metaphase  is considerably  less than that
of the spindle  (Figs.  1-7,  16-20).
Observations  on  clam  (S.  solidissima) MA  give
results  which are similar with respect to  preserva-
tion  of  birefringence  after  fixation,  presence  of
background and fiber birefringences, etc. However,
in clam MA  the predominant birefringence  is that
of the  fibers,  the background  birefringence  being
considerably  lower  (Figs.  8-15).  Also,  the  asters
are  strongly birefringent  and,  in some  cases,  their
retardation  exceeds  that of the spindle,  e.g.,  Figs.
8,  9,  12,  13.  Retardations  for  three  experiments
are  given  in  Table  IV,  the  first two  columns  of
which indicate values for unfixed  spindle,  and the
last  column  of which  indicates  fixed  spindles.  A
decrease  in retardation of about 28%  is  seen after
fixation  of S.  solidissima MA,  this value  being the
same  as that occurring  after fixation of S. purpura-
tus MA. Retardations in this table are given for the
strongest fibers in the MA and,  as shown,  retarda-
tions  occasionally  show  great deviations  from  the
average.  The  sign  of the birefringence  is  positive
with respect to  the spindle  axis for both clam and
sea urchin MA. Figs. 21  and 22 are osmium-tetrox-
ide-fixed,  hexylene-glycol-isolated  MA  of  S.
TABLE  IV
Retardations of Fibers of Hexylene-Glycol-Isolated MA
MA  were  from  first polar  body  stage of S. solidissima. Standard  error  is
given  in  parenthesis after  average.
4 June  1964  fixed  as
30 May  1964 unfixed  2  June  1964 unfixed  described  in text
2.96  2.88  3.38
3.38  2.88  3.56
3.82  3.22  2.96
3.38  3.38  2.54
6.35*  4.66  1.86
7.20*  2.96
Avg.  3.98  (0.61)  Avg.  4.04  (0.69)  Avg.  2.88  (0.25)
Average  of 1st two  columns, starred values omitted: 3.40
* Retardations  rechecked  several  times.
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Unfixed  MA  Isolated  from  S.  purpuratus Eggs
Eggs were stored at 2°C for  16  days. Standard
error  is given  in  parentheses  after  average.
Retardation
FIGURE  16  An unfixed MA isolated  from first cleavage
S.  purpuratus eggs  by the  use  of  ethoxyethanol.  The
retardation midway between poles and spindle center is
3.5  mu.  Compensator setting  for this  micrograph  was
-5.0
°. Scale,  10,.
mru
0.84
1.52
0.89
0.84
0.72
0.89
0.89
0.18
0.84
1.10
solidissima and should  be compared  to unfixed MA
in Figs. 8  and 9.
Stability of the Birefringence
Kane and  Forer  (25)  have  shown that MA  left
at room  temperature  decrease  in retardation  sig-
nificantly in several  hours. Decrease in retardation
in  MA stored in the cold  is slower  but also occurs.
In  our work  we have  also  noted  this decrease  in
retardation  in  stored,  unfixed  MA  of both  clam
and sea urchin, although we find that the decrease
in retardation  is significantly  less  than  that found
by Kane and  Forer  (25),  and that the decrease  is
less in clam than in  sea urchin MA.  Table V gives
values  for  sea  urchin  MA  isolated  in  hexylene
glycol and  stored  unfixed at 0°C for  16 days. The
values should  be compared  to  those  in Tables  I-
Avg 0.97  (0.12)
III.  Clam  MA  isolated  in  hexylene  glycol  and
stored  for  the same  length  of time  show  a similar
decrease  in retardation.  Ethanol-isolated  MA  also
show a  proportionate  decrease  in retardation  but
become  so  highly  light-scattering  that  measure-
ments are exceedingly  difficult to make.
Thus,  a  definite  decrease  in  retardation  occurs
on storage of isolated MA although in our case the
decrease is not so drastic as that reported by Kane
and  Forer  (25).  Nevertheless,  because  of this de-
crease,  and  for  reasons  mentioned  below,  fixed
MA,  whose  birefringence  is  stable  for  months  if
stored  at  0°-4°C  in  their  isolating  media,  were
used in most of this work.
FIGURES  17 and  18  An unfixed MA  isolated from first  cleavage  S. purpuratus egg by the ethanol  tech-
nique.  Note the strong,  dense  continuous  fiber  of retardation  3.1  mu. This  is unusually  thick.  In  gen-
eral, ethanol-isolated  MA  are greater in retardation  and scatter light more than  MA isolated by hexylene
glycol. Fig.  17  is at  -5.0
° and  Fig.  18 at  +2.0
° compensator  settings. Scale,  10 u.
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In  general,  isolated  MA,  when  fixed  with
osmium  tetroxide,  turn  different  shades of brown
or black  depending on the medium  in which they
were  isolated:  ethanol-isolated  MA  turn  black;
MA  isolated  in hexylene  glycol  turn brown;  and
those  isolated  in ethoxyethanol  turn a very  light
tan when the reaction  is observed in  the test tube.
MA isolated  in ethoxyethanol are generally fragile
even after fixation, and they often, but not always,
lose their birefringence  as if unfixed. Because  of this
variability,  only  hexylene-glycol-  and  ethanol-
isolated  MA  were  used  for  further  work  in  this
study.  In many  cases  an increase  in light  scatter-
ing,  shown  especially  by  adhering  particles,  ac-
companies  fixation (Figs.  21  and 22).
FIGURES  19 and 20  An ethanol-isolated,  Os 4-fixed  first  cleavage MA  of S. purpuratus  in 50% ethanol.
Features of fixed, ethanol-dehydrated  MA are very similar to those of unfixed MA  if isolation is achieved
with ethanol or hexylene glycol. Fig. 19 is at -. 0
° and Fig. 20 at +2.0
° compensator settings. Scale, 10  l.
FIGURES 21 and 22  Hexylene-glycol-isolated,  Os0 4-fixed first polar body MAs of S. solidissima.  Retarda-
tion was  lower  than usual  in this batch  of eggs.  Astral  birefringence  is  1.90 my.  Note also  greater  con-
tamination than in MA in Figs. 8-13.  Scale,  10  .
FIGURE  23  Glutaraldehyde-fixed,  hexylene-glycol-isolated  MA  of  first  cleavage  S.  purpuratus egg  in
absolute  alcohol.  Compare  to Figs.  19 and 20  of OsO4-fixed, ethanol-isolated  MA.  Compensator setting is
-3.0
°. Scale,  10 p.
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in  the  isolating  medium.  The  birefringence  was
again  preserved  (Fig.  23).  Unfortunately,  glutar-
aldehyde-fixed  MA clump into large  masses when
gathered  by  gentle  centrifugation,  a  necessary
procedure  when  transferring  MA  into  various
refractive-index  oils.  Since  these  masses can  only
be  broken  up  by  procedures  which  damage  the
MA,  they proved unsuitable for measurement with
the  polarizing  microscope  because  of  excessive
light-scattering  of the clumps.
Refractive Index Measurements
Observations  were  made  with  a  dark-contrast
phase microscope  equipped with a 43  X  objective
lens. As described in the Methods section,  the halo
at the edge of the MA was examined,  and a match
point  was  obtained  when  the  halo  disappeared
(3,  40).  For hexylene-glycol-isolated  S. solidissima
MA fixed in osmium tetroxide the refractive  index
(n)  value  is  1.588.  For ethanol-isolated  MA  it is
1.620.  In  both  cases,  MA  examined  at  n  values
0.004 lower than  these values have very faint but
definite  bright  halos,  and  MA  examined  at  n
values 0.004 higher  (1.592 for  hexylene glycol and
1.624  for  ethanol)  the  halos  are  dark,  i.e.,  the
phase of the MA  relative to  the surrounding oil is
reversed.  At the match point, however,  variability
is  seen  since  some  MA  have  slightly  bright  and
some  slightly  dark  halos;  this  is  indicative  of  a
slight variation in R.I. for different MA.
The  corresponding  match  point  value  for  S.
purpuratus  MA is 1.580  for hexylene-glycol-isolated
MA and  1.60 for ethanol-isolated  MA. The lower
value  for  sea  urchin  MA  is  somewhat  surprising
since,  in  general,  unfixed  clam  MA  appear  con-
siderably  more  delicate  and  empty  than  unfixed
sea urchin MA. However, the results are consistent
and repeatable.
The  MA  appear  homogeneous  near  the match
point, i.e.,  no fibers can be seen inside them.  In S.
solidissima MA at the match point the astral  fibers
are  recognizable  with  the  phase  microscope  only
by  the  tan  color  imparted  by  osmium-tetroxide
fixation.
Retardation at the Match Point
In most  cases  a very  slight retardation  positive
with  respect  to  the  spindle  axis  remains  at  the
match point.  The only exceptions  to  the observa-
tions of birefringence  at the match point occur in
some  batches  of ethanol-isolated  MA  which  be-
come  unusually  dark  after  osmium-tetroxide
TABLE  VI
Estimated  Retardations at  the  Match  Point for
fixed First  polar body MA  from Spisula
Standard  error  given  in  parentheses  after
average.
Hexylene-glycol-isolated  MA'  Ethanol-isolated  MAt
m/a  m/t
0.30  0.51
0.13  0.67
0.38  0.67
0.47  0.84
0.21
0.55
Avg 0.34  (0.06)  Avg 0.67  (0.07)
*  n  =  1.588.
n  =  1.62;  heavy  absorption  is  due  to  reduced
osmium tetroxide.
fixation.  The  heavy  absorption  of  light  makes
observation  inside  the  MA  difficult  and  residual
birefringence, if present, would be impossible to see.
Accurate  measurements  of  retardation  at  the
match  point  are  exceedingly  difficult  to  make
because the retardation is  below  1 m1A  (25).  Table
VI gives some  retardation values obtained with S.
solidissima MA.  Although  these  values  are  un-
doubtedly  in  error  by  not  less  than  30%,  they
indicate the level of the retardation due to intrinsic
birefringence.  It  was  not possible  to  tell whether
this  retardation  is due  to background  or to fibers.
Similar  relations  hold  for  S.  purpuratus MA  al-
though  no exact measurements were attempted.  It
was  determined,  however,  that  the residual  bire-
fringence  is <1  mij.
Negatively Birefringent Fibers
On several  occasions  metaphase  MA  were  seen
which  possessed  a fiber  showing  an extinction  at
the  opposite  sign  of  compensator  setting  with
respect  to  the  rest  of the  spindle.  That  is,  these
fibers  were  dark  when  the  MA  was  bright  and
vice  versa.  Each  of these  MA  possessed  one  such
negatively  birefringent  fiber  whose  retardation
was  in the neighborhood  of 3-4  mpu  (see reference
16  for  discussion  of  possible  causes  for  negative
birefringence of astral fibers).
Electron Microscope Studies
Fig.  24  is  an  electron  micrograph  of  an  S.
solidissima  MA  isolated  in  hexylene  glycol  and
LIONEL  I.  REBHUN  AND  GRETA  SANDER  Structure of the  Mitotic Apparatus  869FIGURE  24  A hexylene-glycol-isolated  MA from S. solidissima  eggs. Arguments  given in the text suggest
that this MA  is at a stage similar to the MA in  Fig. 12.  The line A-A in that figure  gives the probable
section  through  the MA  seen  in  this micrograph.  Chromosomes  may  be seen  in the  equatorial  region.
Fixation  is  with osmium  textroxide as  it is for  all electron micrographs  of MA  presented  except that in
Fig.  36.  X  8,000.
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neither  asters  nor  chromosomes  have  fallen  off
(see first section of Observations). By far, the major
oriented  components  visible  in  this  MA  are  the
microtubules.  One  aster  (C)  appears  larger  than
the  other  and  contains  a  distribution  of  micro-
tubule  profiles varying from approximately  circu-
lar (in the center)  to quite long  (in the periphery).
The other aster (P) is more oval  in over-all outline
and  possesses  microtubule  cross-sections  with  a
considerably  lower  proportion  of  long  profiles,
especially  where the spindle body and aster meet.
The diffuse  granular  material at the MA equator
is  the  chromosomal  material;  the  denser  parts
probably  are  kinetochore  attachments  to  the  mi-
crotubules.  This  MA  is interpreted  as  one  whose
migration to  the egg surface  has already occurred
and  results  in  a  large  central  aster  (C)  and  a
flatter  peripheral  one  (P)  (see  also  Fig.  78  in
reference  28,  Mazia).  The  line  A-A  in  Fig.  12
indicates  the  probable  plane  through  the  MA
represented  by Fig.  24,  although  no chromosomes
are  seen in Fig.  12.
The  microtubules are  about 240 A in diameter
and  have  a wall thickness of about  70 A.  In high-
magnification  electron micrographs the  walls show
indications  of  subunits  (Fig.  25)  although  the
subunits  are  by  no  means  completely  clear.  In
some  micrographs,  wisps  of  thin,  filamentous
material  can  be  seen to  continue  from  longitu-
dinal  profiles  of  microtubules  (Fig.  29).  Small
particles  associated  with  the  microtubules  are
probably  adherent  ribosomes;  they  are present  in
small  numbers.  Vesicles,  present  throughout  the
MA,  are  either  smooth  surfaced  or  possess  small
granules  on their  surfaces.  Occasionally  a vesicle
contains  profiles  reminiscent  of  cristae  in  mito-
chondria  (Fig.  26);  this suggests that the  vesicle  is
a  swollen  mitochondrion.  The  profiles  of  these
presumptive  cristae appear to have attached  small
particles  about  80-100  A  in  diameter.  A  small
number of dense  bodies with  circular  profiles  are
seen which  are probably  yolk  granules  (Fig.  24).
None of these elements  are found  in the center  of
the  aster although  microtubules  penetrate  to  the
centriole.  The  region  of  exclusion  of vesicles  or
granules is about 3.5 p in diameter, surrounds  the
centriole,  and probably constitutes the centrosomal
region  (59)  (Figs.  27,  28).
Similar  elements  are  seen  in  longitudinal  sec-
tions through the axial regions of hexylene-glycol-
isolated  MA  (Fig.  29).  Fig.  30,  at  higher  power,
FIGURE 25  Higher magnification  view of an  MA of S. solidissima isolated as that in Fig. 24.  Relatively
few  ribosome-like  granules  or membranous  structures  are present.  X  160,000.
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aster from the 1st  polar body MA  of S.
solidissima  isolated  ith  hexylene
glycol.  Some  vesicles  have  smooth
walls,  some  have  small  granules,  and
some appear to be  swollen mitochondria
with  remnants  of  cristae  in them.  The
latter  appear  to  have  granules  about
100 A in diameter associated  with them
X 37,000.
indicates the cleanliness of these  preparations with
respect  to the  low  concentration  of material  other
than microtubules (and vesicles).
It  should  be  noted  that  the  microtubules  in
many  of these  preparations  are  not  straight  but
are  somewhat  irregularly  kinked.  In  addition,
while  most  microtubules  are  roughly  parallel  to
the spindle axis,  some occasionally cross the rest at
angles of up to 300 to the spindle axis  (Fig.  29).
The  same  elements  are visible  in the  MA  pre-
pared by rapid freezing  (Fig.  31).  With this  tech-
nique  the  microtubules  are  230  A  in  diameter,
their walls  being thinner  (about 40 A  thick)  and
more  delicate  than  with  chemical  fixation.  The
microtubules  themselves  appear  straighter  with
few kinks,  and  fewer  or  no  wisps  of material  are
seen continuing from microtubular  profiles.
Figs.  32  and  33  are  electron  micrographs  of
hexylene-glycol-isolated  S.  purpuratus MA.  They
have essentially  the  same elements  as S. solidissima
MA.  However,  the  vesicles,  ribosomes  and  other
background  material  are  considerably  greater  in
amount  in  the  sea  urchin  than  in  the  clam  MA
and may  form the  bulk of material  in sea urchin
MA.  Frozen-substituted  MA  (Fig.  34)  show com-
ponents  similar  to  those  seen  in  fixed  MA  and,
although  the  number  of vesicles  appears less than
in  the  fixed  MA,  this  is  extremely variable  from
preparation  to  preparation  and  from  region  to
region  in the  MA.  A feature  seen  in  S.  purpuratus
MA  but  not  observed  in S.  solidissima MA  is the
frequent lateral  association  of two  or more micro-
tubules  (Fig.  34). Although  difficult to  see clearly,
an  impression  is  gained  of the  existence  of some
substance between microtubules,  perhaps acting as
a bonding agent.
Figs.  27,  28, and 35 are electron micrographs of
ethanol-isolated S.  solidissima MA.  The  vesicular
material  and  adherent  material  on  the  micro-
tubules  in  these  MA  are  greater  in  amount than
on  the  microtubules  in  the  MA  (of this  species)
isolated  in  hexylene  glycol  although  this  is  best
seen  after  comparison  of  a  number  of  electron
micrographs  of MA  isolated with  the  two agents.
In  general,  for  both  the  clam  and  sea  urchin,
hexylene-glycol-isolated  MA appear emptier than
872  ThE  JOURNAL  OF  CELL  BIOLOGY  VOLUME  4,  1967FiGURE  27  Cross-section through the centriole  in an ethanol-isolated  first polar body MA from S. solidis-
sima. Microtubules penetrate to the centriole but vesicles are excluded  from a region about 3.5  u in diam-
eter centered  on the centriole. Ethanol-isolated  MAs generally  have nondescript, ragged wisps of material
associated with microtubules  which  is not  seen in hexylene-glycol-isolated  MA. X  30,000.
ethanol-isolated  ones.  It  is  presumed  that  the
"extra"  material  seen  after  ethanol  isolation  is
derived from material  which is evident in the MA
region in intact  eggs and  which  is  less  efficiently
removed  by  ethanol  during isolation.
Fig.  36  is an  aster which  was  isolated  from  S.
solidissima  by  the  hexylene-glycol  method,  fixed
with  glutaraldehyde  and  postfixed  with  osmium
tetroxide.  No  differences  in components  or  their
structure  are  seen  in asters  or  MA  fixed  in  this
way compared  to asters or MA fixed with osmium
tetroxide  alone.
DISCUSSION
Birefringence  is an extremely  important  property
of the  MA,  the  values and  fluctuations  of which
have  figured  prominently  in theories of MA  func-
tion (7, 15, 51,  56) and  structure  (7,  15). However,
an interpretation  of the  meaning of birefringence
on the  molecular  level,  in terms of molecular  re-
arrangements  and  changes  which  may  be  of im-
portance  in  mitotic  mechanisms,  has  been  most
elusive.  Indeed, the structures responsible for bire-
fringence  in the MA  have  not yet been identified
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crograph  of  the  centriole  in the pre-
vious  figure.  X  104,000.
with certainty though the evidence  points strongly
toward  the  microtubules  as  major  factors,  as  we
shall  now  discuss.  First,  these  structures  are  the
most  prominent  oriented  elements  seen  in  the
electron micrographs of MA  so far produced.  This
is  true  for  MA  in  intact  cells  (9-11,  41-43)  as
well  as  for  isolated  MA  (21).  Second,  loss  of
birefringence  of MA with time  is accompanied  by
a  breakup  or  loss  of  microtubules,  both  events
occurring  in parallel  (8,  25).  Third,  the increase
in birefringence  of MA of marine eggs in the pres-
ence of D20 (18)  is accompanied  by a correspond-
ing increase  in  number of microtubules  (17,  19);
a similar  relation  appears  to  hold for  MA whose
birefringence  has  been increased  by  other  agents
(reference  38,  Rebhun  and  Sander  and  unpub-
lished data). Further, in other systems,  such as the
axopods  of  Heliozoa,  a  loss  of  the  birefringent
axial-rod  (58)  after cold- or colchicine treatment is
accompanied  by  a  loss  of  the  microtubules  of
which  the  axial  rod  is  composed  (57).  These
data provide arguments for supporting the identity
of the birefringent elements of intact cells with the
microtubules.  However,  the  evidence  does  not
directly  establish  microtubules  as  the  structures
giving rise to  birefringence,  as likely as  this seems,
and  certainly  does  not establish  them  as the  sole
elements contributing birefringence  to  the in vivo
MA. For example,  with respect  to the latter point,
Forer  (7)  has  presented  data which  indicate  that
at least  two oriented  factors  exist in the MA,  one
of which  is possibly supportive in function and the
other possibly  involved  in developing  the  motive
force  for  chromosome  movement.  As  yet,  no
second, oriented  element  has been positively iden-
tified  in  MA  with  the  electron  microscope.  In
another  direction,  experiments  in  this  laboratory
have  indicated  that the  degree  of aggregation  or
dispersion of the ribosomal  material on  the micro-
tubules  influences the  retardation  as measured  in
isolated  sea  urchin  MA.  Further,  the disappear-
ance  of microtubules  from  isolated  MA  does  not
necessarily  eliminate  all  birefringence  from  MA
(8).  Finally,  in a recent  paper, Behnke  and  Forer
(4)  argue  that  in  crane-fly  spermatocytes  the
microtubules  cannot  give  rise  to  birefringence
because  the  distribution  of  microtubules  seen  in
the  electron  microscope  and  that  of birefringent
material  are not the  same.  Indeed,  they  claim to
find  many  microtubules  in  interzonal  regions
where they find no birefringence.
Some  doubt may,  therefore,  attend  acceptance
of the  identification  of microtubules  with  all  (or
even  any)  of the  birefringent  material  in in vivo
or isolated  MA.
Thus, we are  faced  with two questions: first,  do
the  microtubules  give rise  to  birefringence  at all;
and second,  if so, is the birefringence  of the in vivo
MA  solely  due to  microtubules.  The  easier  ques-
tion  to  answer  is  the  first.  The  data  on  isolated
874  THE  JOURNAL  OF CELL  BIOLOGY  · VOLUME  34,  1967FIGURE  29  Longitudinal  section  of  a  hexylene-glycol-isolated  first  polar  body  MA  of  S.  solidissima.
Components  similar to  those  in previous  figures  may  be noted.  Note also the local irregularities  in the
microtubules  and  wisps of filamentous  material continuing  from some of their profiles.  X  21,000.
MA of S. solidissima appear to  provide  a relatively
unequivocal  "yes"  answer,  as  will  now  be  dis-
cussed.
S. solidissima MA  do not appear  to  contain any
significant  background  material  between  the  mi-
crotubules  other  than  swollen  vesicles.  A  possible
second,  oriented  component  associated  with  the
microtubule  is  the thin,  wispy material  occasion-
ally  seen  continuing  from  the ends  of the micro-
tubules  (Fig.  29).  However,  this  most  likely
originates  from  sectioning  of  microtubules  so
that only part  of the wall  is included  in  the  sec-
tion.  The  presence  of  this  wispy  filamentous
material  in  greater  abundance  in  fixed  MA  as
opposed  to  frozen  MA  is  probably  due  to  some
breakdown  and  greater  irregularity  of  the  fixed
microtubules.  We  have looked  extensively  for  the
presence  of a microfilamentous  structure  applied
to the MA microtubule  surface but have not as yet
seen evidence  of it in these preparations,  although
such  evidence would  support speculations we have
made  (36)  as  to  the  possible  force-generating
element  in mitotic movements.
It might  be  argued  that  there  is  material  be-
tween  microtubules,  but that  such material  is not
observable  in  the  electron  microscope  with  our
techniques.  Although  the  present  data  make  it
difficult  to  eliminate  this argument,  we  offer  the
following observations for consideration  in support.
First,  we  have  used  two preparative  techniques
for  studying  the MA  in  the electron  microscope:
chemical  fixation  and  freeze-substitution.  With
both  techniques  the  results  are  essentially  the
same  in terms of components  present and  over-all
morphology  seen,  the major  difference  being  the
greater  thickness  of the microtubule  wall in fixed
preparations  relative  to  frozen  ones.  Second,  the
isolated  MA  of  S.  solidissima  look  remarkably
"delicate"  compared  to  those  of  S.  purpuratus
when  observed  with  either  the  phase  (20)  or
LIONEL  I.  REBHUN  AND  GRETA  SANDER  Structure of  the  Mitotic Apparatus  875FIGURE 30  A longitudinal section of an MA similar to that in Fig. 29 showing cleanliness of the MA with
respect to nonmicrotubular  material.  Compare to Fig.  25.  X  130,000.
polarization  microscope.  Thus,  one  can  easily
"see  through"  the S.  solidissima MA,  in either the
spindle or  astral regions.  In S. purpuratus MA,  it is
very  clear  that  the  birefringent  elements  are  em-
bedded  in  background  material  of  considerable
density.  This  can  be  seen  with  the  polarizing
microscope,  e.g.,  compare  Figs.  1 and  8.  For the
phase microscope  image,  one may compare  any of
the  figures  in  Rebhun  and  Sharpless  (37)  for  S.
solidissima with those in Kane  (20)  for S. purpuratus.
It  is  the transparency  of the isolated  S. solidissima
MA,  when examined  by  phase,  polarization  and
electron  microscope  techniques,  which  convinces
us  that  any  material  between  the  microtubules,
other than vesicles,  if it exists,  must be present in
very low quantity.
Thus, the correlation  of the birefringence of the
isolated MA  of  S.  solidissima with  the  presence  of
oriented  microtubules  is  direct.  There  is  no  evi-
dence for  any other oriented component  which can
give rise  to birefringence  in this material.  It should
be  emphasized  that  this result  is  for  isolated MA
and does not necessarily  hold for in situ MA.
With  respect  to  the  refractive  index  measure-
ments  in S. solidissima, the  evidence  suggests  that
most of the n is also due  to the microtubules.  The
only competing  elements are the small number  of
ribosome-like  particles  and  the  entrapped  mem-
branes. Since the ribosome-like  particles  are  pres-
ent  in very  small  numbers,  we  would  not  expect
them to contribute more than 4-5 %  of the total mass
and therefore  n of the MA, if that. The membranes
constitute considerably greater bulk. However,  the
n  measurements  were  made  near  the  equatorial
regions  and  in  the  ends  of the  large  astral  rays
where  fibers  are  free  from  vesicles.  Although  ob-
servations  are  difficult  to  make  near  the  match
point, it is generally  the case  that fibers are visible
876  ThE  JOURNAL  OF  CELL  BIOLOGY  VOLUME  34,  1967FIGURE  31  Section through the aster of a first polar  body MA of S. solidissima  prepared by freeze-sub-
stitution  (see text).  Note the absence of  material other than components already  described in preceding
figures and,  especially,  the  low concentration  of nonmicrotubular  material.  X  56,000.
on either  side  of this  n but  not at it,  except for  a
slight,  tan coloration  of the fibers  due to osmium-
tetroxide fixation.  Thus, to  a good approximation,
the  n  measurements  give  us values  for  the  fibers.
Again,  correlating  the refractive  index data  with
morphology  in  S.  solidissima MA  as  seen  in  the
electron microscope,  we may  say that the n values
are  those of the  fixed microtubules  since little  else
is present in the fibers  which can contribute  mass
and,  thus, refractive index.
Therefore,  the  electron  microscope  studies
allow  both  birefringence  and  n  to  be  related
directly  to  microtubules  in  isolated  S.  solidissima
MA.  This  allows  us  to  say  with  some  confidence
that the residual,  positive birefringence  seen  at the
n match point is, indeed, the intrinsic birefringence
of  the  microtubules,  that  is,  the  birefringence
present  when  the  n  of  the  medium  equals  the
average  n of the MA  (44). This result qualitatively
agrees  with  the  positive  intrinsic  birefringence
measured  for  a  variety  of a-helical  and  non  a-
helical protein fiber systems,  e.g. f-actin, paramyo-
sin,  and  tobacco  mosaic  virus,  by  Cassim  and
Taylor (5).
These  statements  clearly  cannot  be  made  for
isolated  sea  urchin  MA.  The  ribosome-like  par-
ticles in  the background  are extensively  deployed
throughout the intermicrotubular  region and must
constitute  a  considerable  part  of  the  MA  mass.
The  n  measurements  clearly  cannot  be  directly
related  to  microtubules  alone  in  this  material.
Further,  as indicated  above,  work  in our  labora-
LIONEL  I.  REBHIJN  AND  GRETA  SANDER  Structure of  the  Mitotic Apparatus  877FIGURE  32  A  cross-section  through  a hexylene-glycol-isolated  MA from  S.  purpuratus.  Note  the large
number of vesicles, presumably  swollen elements  of the endoplasmic  or agranular reticulum.  Note also the
large number  of  ribosome-like granules  either aggregated  about microtubules  or  in isolated  clusters  be-
tween them.  Similar elements  may be seen in longitudinal  sections of  these MA.  X  72,000.
FIGURE  33  Section through an aster  of an MA of  S. purpuratus  isolated as that in  Fig.  2 and showing
similar elements.  X  39,000.
878  THE JOURNAL  OF  CELL  BIOLOGY  VOLUME  34,  1967FIGURE  4  Longitudinal section of an MA from  S. purpuratus  isolated in hexylene glycol and prepared
by freeze-substitution  (see  text). Microtubules  and ribosome-like  material are abundant.  No vesicles are
seen but the number present  depends upon the part of the MA sectioned and the particular batch of MA
observed. In general, MA prepared by either chemical fixation  or freeze-substitution  show similar compo-
nents and  structure.  Note the lateral  association  of  microtubules.  X  72,000.
tory  by  Goldman  (8)  indicates  that  form  bire-
fringence  may  be  contributed  by aggregations  of
ribosome-like  particles  on the microtubules.  Form
birefringence  for such linear aggregates is expected
on  theoretical  grounds  (5).  Birefringence  cannot,
therefore,  be directly related to microtubules alone
in these  MA.
Since,  however,  the  results  for  clam  MA  dis-
cussed  above  show  that  microtubules  are capable
of  giving  rise  to  strong  birefringence,  since  the
values of retardation  for clam and  sea urchin MA
are  not  greatly different,  and  since  MA  from sea
urchin  contain  similar  numbers  of  microtubules
oriented  like  those in MA from S. solidissima, it is
strongly  suggested  that  microtubules contribute  a
significant  and  probably  major  amount  of  the
birefringence  of sea  urchin  MA.  However,  since
data of Goldman  (8) indicate that up to one-third
of the measured  retardation in isolated  S. purpura-
tus MA may  be contributed  by the nonmicrotubu-
lar material,  the interpretation  of birefringence  is
clearly  more  complex  in  sea  urchin  MA  than  in
clam  MA.  Thus,  while  the results  for isolated  S.
solidissima MA clearly  support the  statement  that
oriented  microtubules  give  rise  to  birefringence,
those  for isolated  S. purpuratus MA just as  clearly
demonstrate  the possibility  that microtubule  bire-
LIONEL  I.  REBHUN  AND  GRETA  SANDER  Structure of  the  Mitotic Apparatus  879FIGURE 35  Cross-section of the spindle region  of an MA isolated as that in Fig.  27, from the same organ-
ism and  stage. Note  the large  number of vesicles  in these ethanol-isolated  MA compared to those  in hex-
ylene-glycol-isolated  MA  (Figs.  24 and  5)  of the same organism.  The  microtubules,  again,  have  some
adherent material, less  obvious  in  this lower power  micrograph.  X  33,000.
fringence  may  be  modified  by  other  material
oriented  by microtubules.
It is  expected that in  the in vivo MA the origin
of birefringence  may  be  even  more  complex  than
in  the  isolated  sea  urchin  MA.  Indeed,  if other
components  are  associated  with  microtubules  in
vivo,  they  may  modify  the  measured  retardation
either  by contributing  negative  or  positive  bire-
fringence  or  merely  by  causing  local  changes  in
refractive index.  Because of the preponderant form
birefringence  of  the  MA  demonstrated  in  this
paper and in that of Pfeiffer  (31),  such changes in
refractive  index will result in changes  in observed
retardation.  Evidence  for  the  presence  of  such
substances  has  been  presented,  e.g.  by  Rustad
(46),  in MA  of S. purpuratus isolated  by  an  older
method,  where  an  increase  in  mass  (measured
interferometrically)  and  in  RNA  occurs  in  the
interzonal  region at midanaphase.  Another source
of  modification  of  the  microtubule  birefringence
may  be  oriented  cisternae  of  the  granular  or
agranular reticulum,  which could contribute bire-
fringent  material whose  sign is negative relative to
the MA  axis  (44).  This can  be  expected  to  occur
since  cisternal elements  do orient  in the MA  (33,
42)  with  planar  surfaces  parallel  to  the  micro-
tubules.  Further, it was pointed out by Inou6  and
Dan  (16)  that  astral  fibers  could  be  negatively
birefringent,  probably  owing  to  the  compression
they  suffer  during  late  anaphase  when  the  MA
has  considerably  elongated  and  is  pressing
astral  fibers against  the egg  cortex.  If the pole-to-
pole  fibers  of  the  MA  are  under  compression
during anaphase,  their  retardation  may,  indeed,
be  reduced  or  possibly  even  reversed  if the  ob-
servations  for  astral  fibers  hold  also  for  pole-to-
pole  fibers.  Indeed,  we  have  on  occasion  seen
negatively  birefringent  pole-to-pole  fibers  (Ob-
servations).  Finally, changes in spatial distribution
of  microtubules  at different  stages  of  cytokinesis
could  give rise to  differences in observed  retarda-
tion  since  birefringent  rods  uniformly  distributed
in  a  given  volume  will  show  considerable  dif-
ferences in local retardation compared to the same
number  nonuniformly  aggregated  in  the  same
volume.  It  is  clear,  therefore,  that the  origin  of
birefringence  and its dynamic changes in terms of
the  distribution  of ultrastructural  elements  giving
880  THE  JOURNAL  OF  CELL  BIOLOGY  VOLUME  34,  1967FIGURE 36  A section through an aster isolated with hexylene glycol from S. solidissima. Fixation is with
glutaraldehyde,  in contrast to the fixation  used for all other electron micrographs  in this paper.  The ele-
ments seen are the same as  those  seen  after  Os04 fixation,  no  differences  appearing  in  any particulars.
X  10,000.
rise to it in the living MA is bound to be complex.
It  is  with  these  considerations  in mind  that one
should  evaluate  the  statement  in  Behnke  and
Forer  (4)  that  microtubules  cannot  give  rise  to
birefringence  in  the  MA  because  microtubules,
but  not birefringence,  are found in the  interzonal
regions  during  anaphase  in  crane-fly  spermato-
cytes.
Thus,  we  have  arrived  at  the  following  con-
clusions.  (a)  The  birefringence  of isolated  MA  of
both clam and sea urchin eggs is primarily positive
form birefringence with a residual positive intrinsic
birefringence.  (b) The isolated  MA of S. solidissima
eggs  are  composed  primarily  of  microtubules,
assorted vesicles, and very few ribosome-like  parti-
cles.  (c) Isolated  MA  of sea  urchin  eggs  contain
many  more  ribosomal-like  particles  and  vesicles
than do  isolated MA of clam  eggs. These particles
and  vesicles form  a large  portion,  if not the bulk,
of the MA material.  (d) Essentially the same  com-
ponents  are  seen  in frozen-substituted  MA  as  in
chemically  fixed,  isolated  MA.  However,  in  the
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straighter  and  possess  thinner  walls.  (e)  Micro-
tubules  of MA  isolated  with  ethanol  have  more
material adherent  to  them: they appear "dirtier."
(f)  Electron  microscope,  polarization  microscope,
and  phase  microscope  observations  on  isolated  S.
solidissima MA  indicate that  there  is  little,  if any,
diffuse  material  between  the  microtubules.  Since
no  other oriented  material  exists,  this  allows  the
inference  to  be  drawn  that  in these  MA  it is the
microtubules alone which give rise to birefringence
and  to most of the refractive  index.  (g) Neither  of
the conclusions  in  (f)  holds for  isolated  sea urchin
MA  since  much  aggregated  ribosomal  material
adheres  to  the  microtubules.  This  material  con-
tributes to  the refractive  index  and most  likely to
some  of  birefringence  of the  MA.  However,  the
major  part of the birefringence  of sea  urchin MA
also appears  to be  due to microtubules.  (h)  In  the
in vivo MA  the situation is  likely to be even  more
complex  since  modifying  or  masking  substances
may  alter  birefringence  as  may  compression  or
tension exerted on the MA.
The  abundance  of  microtubules  relative  to
other components  in the  isolated  clam MA  com-
pared to sea  urchin MA may  offer a considerable
advantage  in  the  interpretation  of  the  origin  of
material  seen in dissolved  MA with  optical  ultra-
centrifugation  and  other techniques  (24,  47,  54).
Investigation  in  this  direction  is  now  underway.
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